Abstract A set of 39 wild barley introgression lines (hereafter abbreviated with S42ILs) was subjected to a QTL study to verify genetic eVects for agronomic traits, previously detected in the BC 2 DH population S42 (von KorV et al. 2006 in Theor Appl Genet 112:1221-1231 and, in addition, to identify new QTLs and favorable wild barley alleles. Each line within the S42IL set contains a single marker-deWned chromosomal introgression from wild barley (Hordeum vulgare ssp. spontaneum), whereas the remaining part of the genome is exclusively derived from elite spring barley (H. vulgare ssp. vulgare). Agronomic Weld data of the S42ILs were collected for seven traits from three diVerent environments during the 2007 growing season. For detection of putative QTLs, a two-factorial mixed model ANOVA and, subsequently, a Dunnett test with the recurrent parent as a control were conducted. The presence of a QTL eVect on a wild barley introgression was accepted, if the trait value of a particular S42IL was signiWcantly (P < 0.05) diVerent from the control, either across all environments and/or in a particular environment. A total of 47 QTLs were localized in the S42IL set, among which 39 QTLs were signiWcant across all tested environments. For 19 QTLs (40.4%), the wild barley introgression was associated with a favorable eVect on trait performance. Von KorV et al. (2006 in Theor Appl Genet 112:1221-1231) mapped altogether 44 QTLs for six agronomic traits to genomic regions, which are represented by wild barley introgressions of the S42IL set. Here, 18 QTLs (40.9%) revealed a favorable wild barley eVect on the trait performance. By means of the S42ILs, 20 out of the 44 QTLs (45.5%) and ten out of the 18 favorable eVects (55.6%) were veriWed. Most QTL eVects were conWrmed for the traits days until heading and plant height. For the six corresponding traits, a total of 17 new QTLs were identiWed, where at six QTLs (35.3%) the exotic introgression caused an improved trait performance. In addition, eight QTLs for the newly studied trait grains per ear were detected. Here, no QTL from wild barley exhibited a favorable eVect. The introgression line S42IL-107, which carries an introgression on chromosome 2H, 17-42 cM is an example for S42ILs carrying several QTL eVects simultaneously. This line exhibited improved performance across all tested environments for the traits days until heading, plant height and thousand grain weight. The line can be directly used to transfer valuable Hsp alleles into modern elite cultivars, and, thus, for breeding of improved varieties.
Introduction
Most agronomically important traits, such as yield and quality parameters, are quantitatively inherited. They are not conditioned by single genes, but polygenes or so called "quantitative trait loci" (QTLs, Collard et al. 2005) . Based on molecular linkage maps, many QTL studies were conducted since the late 1980s to identify and map the loci, which aVect complex traits. In barley, such QTL studies focused on yield associated traits, as well as malting quality, abiotic stress tolerance, and disease resistance (e.g. Tinker et al. 1996 ; Thomas et al. 1996; JeVeries et al. 1999; Kicherer et al. 2000) . Tanksley and Nelson (1996) proposed the advanced backcross (AB)-QTL analysis, which has several advantages over classical QTL analyses. These are: (1) the detection of QTLs and the development of improved varieties are conducted simultaneously. (2) Unadapted germplasm from wild species or land races is used to detect exotic alleles superior to the elite alleles which might ultimately broaden the genetic variation of modern crop cultivars (Tanksley and McCouch 1997) . (3) Since the AB-QTL strategy is based on BC 2 or BC 3 generations, the portion of the exotic donor genome, and thus linkage drag, is considerably reduced. The fact that wild species contain favorable alleles, which could be useful for the enhancement of quantitative traits, was proven by many AB-QTL studies for several crop species, such as tomato (e.g. deVicente and Tanksley 1993; Fulton et al. 2002; Frary et al. 2004 ) and rice (Xiao et al. 1996; Li et al. 2002; Thomson et al. 2003; McCouch et al. 2007 ). In barley, several AB-QTL studies were conducted with regard to a multitude of characters, like agronomic traits, morphological traits, yield components, disease resistances, tolerance to abiotic stress and malting quality (Pillen et al. 2003 Talame et al. 2004; Li et al. 2005 Yun et al. 2006; Gyenis et al. 2007) . Comprehensive studies were also performed by von KorV et al. (2005 KorV et al. ( , 2006 KorV et al. ( , 2008 , who generated a BC 2 DH population consisting of 301 lines based on an initial cross between the malting barley cultivar 'Scarlett' (Hordeum vulgare ssp. vulgare, hereafter abbreviated with Hv) and the Israeli wild barley accession 'ISR 42-8' (H. vulgare ssp. spontaneum, hereafter abbreviated with Hsp, von KorV et al. 2004 ). The lines were genotyped with 98 SSR markers, and subsequently evaluated under Weld conditions in up to eight environments. By a three-factorial mixed model analysis of variance (ANOVA), altogether 86 putative QTLs were identiWed for nine agronomic traits, e.g. days until heading, plant height, thousand grain weight and grain yield, where 31 QTLs (36.0%) revealed a favorable eVect of the exotic allele (von KorV et al. 2006 ). In addition, 18 QTLs conferring resistance to diseases (von KorV et al. 2005) , and 48 QTLs for seven malting parameters (von KorV et al. 2008) , were detected. For these trait complexes, the performance was improved by the Hsp allele at 11 QTLs (61.1%) and 18 QTLs (37.5%), respectively.
As recommended by Zamir (2001) , one step further towards the nearly simultaneous identiWcation and transfer of exotic QTL alleles associated with an improved trait performance, is the development and evaluation of introgression lines (ILs). An IL set represents the complete genome of a wild species in the uniform background of an elite cultivar, where each single line solely contains a single marker-deWned segment of the exotic parent. Due to the homozygosity of the ILs, they are a stable, and, thus, immortal, genetic resource which can be used with versatility. Furthermore, the low proportion of exotic germplasm, present in each IL, is a great advantage compared to commonly used QTL mapping populations, especially F 2 , BC 1 and RI, but also AB populations. It allows the statistical veriWcation of small phenotypic eVects, which are otherwise more diYcult to detect (Zamir 2001) . As an advancement compared to the AB-QTL analysis, the detection of QTLs and their simultaneous transfer into elite cultivars is carried out with ILs in one step. It does not require further steps of backcrossing or selWng. The usefulness of ILs for the detection of QTL eVects and the identiWcation of favorable exotic QTL alleles was demonstrated by numerous QTL studies for several diVerent crops, Wrst of all for tomato. The Solanum pennellii IL library, which was initiated by Eshed and Zamir (1994) and currently consists of 76 ILs (Lippman et al. 2007) , was used to identify nearly 3,000 putative QTLs for yield associated traits (Eshed and Zamir 1995; Hanson et al. 2007 ), morphological traits (Holtan and Hake 2003; Semel et al. 2006 ) and metabolites Overy et al. 2005; Schauer et al. 2006) . With regard to quantitative traits, QTL studies using ILs were also conducted for rice (e.g. Mei et al. 2006; Zheng et al. 2007; Siangliw et al. 2007 ), wheat (Liu et al. 2006 (Liu et al. , 2007 Pestsova et al. 2006) , maize (Szalma et al. 2007 ), melon Fernandez-Trujillo et al. 2007; Moreno et al. 2008; Obando et al. 2008) and Arabidopsis (Keurentjes et al. 2007 ). In spring barley, Matus et al. (2003) conducted an association analysis to identify recombinant chromosome substitution lines (RCSLs) showing positive transgressive segregation with respect to the elite parent for agronomic traits, domestication-related traits, and malting quality traits. Here, altogether 140 RCSLs, with a similar genetic structure as ILs, were evaluated in the Weld. A superior phenotype, compared to the elite parent, was exhibited by RCSLs for the traits number of grains per ear, ear length and thousand grain weight. A further barley QTL study using RCSLs was conducted by Hori et al. (2005) . They developed a total of 134 RCSLs, each line carrying one or several Hsp introgressions, and containing on average 12.9% of the Hsp genome. By means of a core-set of 19 RCSLs and, in addition, 93 double-haploid lines (DHLs) originating from the same cross, altogether 18 and 24 QTLs could be identiWed, respectively. Several QTLs revealed a coincident or very close localization in both populations (Hori et al. 2005 ).
In the present study, we demonstrate the usefulness of wild barley introgression lines (S42ILs) for the detection of QTLs for important agronomic traits. The performance of a set of 39 S42ILs, each containing a single marker-deWned Hsp introgression in the uniform genetic background of Hv, was evaluated with regard to seven traits in three diVerent Weld environments during 2007 growing season. Subsequently, a line £ phenotype association study was conducted to verify QTL eVects, which were previously identiWed in the BC 2 DH population S42 (von KorV et al. 2006) , and, in addition, to detect new QTLs. A further aim was to identify S42ILs, which exhibited an enhanced trait performance compared to the recurrent parent. These lines are a potentially valuable resource for the development of new elite cultivars.
Materials and methods

Plant material
A set of 39 S42ILs (S42IL-101 to S42IL-139) were evaluated with regard to seven agronomic traits. The lines diVer among each other in only one single marker-deWned chromosomal segment, introgressed from the Israeli wild barley accession 'ISR 42-8' (Hsp), whereas the remaining genome is consistently derived from the German spring barley cultivar 'Scarlett' (Hv). Based on 40 BC 2 DH lines, previously selected from spring barley population S42 (von KorV et al. 2004) , the S42ILs were developed by a further round of backcrossing with the recurrent parent 'Scarlett', several rounds of selWng and in parallel SSR marker-assisted selection. Finally, the 39 S42ILs were selected in BC 3 S 2 or BC 3 S 4 generation. The approach and the genetic characterization of the 39 S42ILs, as well as the veriWcation of QTLs for powdery mildew and leaf rust, are described in detail in Schmalenbach et al. (2008) .
Phenotypic evaluation of agronomic traits
In order to evaluate the agronomic performance of the 39 S42ILs with regard to seven traits, Weld tests at three diVerent locations in Germany were conducted in the 2007 growing season. The locations were the experimental Weld station Dikopshof (D07, University of Bonn, West Germany), and the breeders' experimental Weld stations in Gudow (G07, Nordsaat Saatzucht, North Germany) and Herzogenaurach (H07, Saatzucht Josef Breun, South East Germany). The Weld tests were designed in three randomized complete blocks (i.e. replications). The recurrent parent 'Scarlett' was tested as a control in four replications per block. In addition, the spring barley malting cultivar 'Barke' was tested in three replications per block to compare the performance of the S42ILs with a current cultivar.
Net plot sizes (4.5-6.0 m 2 ), seed density (300-390 kernels/ m 2 ), nitrogen fertilization (30-80 kg N/ha) taking into account the N min content of the soil, and Weld management were in accordance with the local practice. The grain was harvested with a plot harvester at total maturity (EC 92). The investigated traits and methods of measurement are listed in Table 1 .
Statistical analyses
Statistical analyses were carried out with SAS Enterprise Guide 4.1 (SAS Institute 2006) . Genetic correlations between trait values were calculated with the least squares means (LSMEANS) for each of the 39 S42ILs averaged across all replications and environments. The LSMEANS were computed with the GLM procedure and used for calculating Pearson's correlation coeYcient (r) with the CORR procedure.
For the detection of QTLs and identiWcation of favorable Hsp introgressions, a two-factorial mixed model ANOVA was carried out. The GLM model includes the line as a Wxed factor, and the environment and line £ environment interaction as random factors:
where is the general mean, L i the Wxed eVect of the ith line, E j the random eVect of the jth environment, L £ E ij is the random interaction eVect of the ith line and the jth environment, k(ij) is the error of Y ijk . When the analysis revealed signiWcant diVerences between lines or line £ environment interactions, a Dunnett multiple comparison of LSMEANS diVerences between the ILs with the recurrent parent 'Scarlett' as the control was conducted (Dunnett 1955) . The presence of a QTL in an Hsp introgression was accepted, when the trait value of a particular IL was signiWcantly (P < 0.05) diVerent from 'Scarlett' across all environments (line main eVect) and/or in a particular environment (line £ environment interaction eVect). If several lines, which contained overlapping or Xanking introgressions, showed a signiWcant eVect of the same direction (increase or reduction of trait performance), it was assumed that these ILs carried the same QTL. Introgressions do overlap, if they possess at least one common Hsp allele. They Xank each other, if they have adjacent Hsp alleles. The relative performance of an introgression line [RP (IL)] was calculated as follows: RP (IL) = [LSMEANS (IL) ¡ LSMEANS ('Scarlett')] £ 100/ LSMEANS ('Scarlett'), where for each trait the LSMEANS were calculated across all replications and environments.
Results
Trait performances of 'Scarlett' compared to the S42IL set In Table 2 , the trait performances of the recurrent parent 'Scarlett' and the S42ILs are described per environment and across all tested environments by the parameters mean, minimum and maximum, and coeYcient of variation. Across all three environments, both 'Scarlett' and the S42IL set revealed the highest coeYcient of variation for the traits lodging at harvest (73.7 and 82.3%, respectively) and grain yield (34.8 and 35.0%, respectively). In contrast, a low variation of trait performance was measured for the traits grains per ear, days until heading, and plant height. As expected, 'Scarlett' exhibited a lower coeYcient of variation than the S42ILs for all traits and environments. Averaged across all environments and in G07, 'Scarlett' showed a slightly higher performance in grain yield than the S42IL set (50.8 and 60.0 dt/ha, compared to 50.3 and 57.7 dt/ha, respectively). In D07 and H07, an opposite eVect was measured (Table 2) .
Trait correlations
A total of 17 signiWcant correlations were detected between the seven investigated traits (Table 3 ). The strongest positive correlations were found between days until heading and the traits grains per ear (r = 0.74) and thousand grain weight (r = 0.73), as well as between plant height and lodging at harvest (r = 0.73). In addition, days until heading exhibited strong negative correlations with lodging at harvest (r = ¡0.84) and plant height (r = ¡0.61). Grain yield revealed signiWcant correlations with all traits. Whereas negative correlations were found with days until heading and grains per ear (r = ¡0.52 and r = ¡0.27, respectively), the other four traits showed positive correlations with grain yield ranging from 0.37 for plant height to 0.68 for thousand grain weight.
QTL detection
In order to verify QTL eVects, which were previously detected within the BC 2 DH population S42, and to identify new QTLs, the 39 S42ILs were subjected to a line £ phenotype association study. The initial two-factorial mixed model ANOVA exhibited signiWcant line eVects (P < 0.05) for all seven evaluated traits except ears per square meter. SigniWcant line £ environment interaction eVects (P < 0.05) were detected for all traits (data not shown).
The subsequent Dunnett test revealed altogether 65 signiWcant line £ phenotype associations with four line main eVects and 18 line £ environment interaction eVects. For 43 associations, the line main eVect and the line £ environment interaction eVect, were signiWcant, simultaneously (Table 4) . For 29 associations (44.6%), the respective IL showed an improved trait performance in comparison to the recurrent parent 'Scarlett'. Taking into account that several ILs do overlap or are Xanked, a total of 47 putative QTLs were identiWed. Here, one QTL (QTgw.S42IL-2H.b) was detected solely as line main eVect and eight QTLs solely as line £ environment interaction eVect. For the remaining 38 QTLs both the line main eVect and the line £ environment interaction eVect, were signiWcant. Nineteen QTLs (40.4%) showed a favorable eVect of the Hsp introgression. In the following paragraphs, the QTL eVects are described for each trait separately.
Ears per square meter (EAR)
For EAR, altogether four S42ILs revealed a signiWcant line £ phenotype association. Taking into account that several lines contain overlapping or Xanking introgressions, these associations were summarized to two QTLs on chromosome 2H and 6H, respectively. At QEar.S42IL-2H.a, the line main eVect and the line £ environment interaction eVect were signiWcant, whereas for QEar.S42IL-6H.a a signiWcant eVect was only found in environment D07. For both QTLs, the Hsp introgression was associated with an increased number of ears per square meter relative to 'Scarlett'. The strongest eVect was exhibited by S42IL-107, containing an Hsp segment in the region 2H, 17-42 cM. This line showed a signiWcantly higher trait performance than the recurrent parent only in the environment D07. Here, the number of ears per square meter was increased by 397.4 (41.1%) relative to 'Scarlett'.
Grains per ear (GEA)
A total of 14 signiWcant line £ phenotype associations were identiWed for the trait GEA on all chromosomes except 5H and 6H. These associations were summarized to eight QTLs, where Wve QTLs showed both a signiWcant line main eVect and a line £ environment interaction eVect. Two QTLs each were localized on chromosomes 2H, 4H and 7H. At all eight QTLs, the Hsp introgressions were associated with a reduced number of GEA by up to ¡6.1 (¡26.8%) for S42IL-107 at QGea.S42IL-2H.a.
Days until heading (HEA)
Altogether 19 signiWcant line £ phenotype associations, summarized to 14 putative QTLs, were identiWed for HEA on all seven barley chromosomes. For 12 QTLs both the line main eVect and the line £ environment interaction eVect, were signiWcant, whereas two QTLs on chromosome 6H revealed an interaction eVect solely for D07. For 13 line £ phenotype associations, and according to this, for nine QTLs, the exotic introgression was associated with a reduced number of days until heading relative to 'Scarlett'. The strongest favorable eVect was mapped to the region 2H, 17-42 cM by S42ILs ¡107 and ¡108. Here, the number of days until heading was reduced by 10. 
Lodging at harvest (LAH)
Seven signiWcant line £ phenotype associations were localized for LAH on chromosomes 1H, 2H, 4H and 7H. Taking into account that two S42ILs on chromosome 2H do overlap, altogether six QTLs were detected. For Wve QTLs both the line main eVect and the line £ environment interaction eVect, were signiWcant, whereas for one QTL solely an interaction eVect was signiWcant in environment G07. At QLah.S42IL-2H.a, the exotic introgression caused a maximum reduction of lodging severity at harvest by 1.6 scores (40.0%) relative to 'Scarlett' within the region 2H, 67-92 cM. In addition, S42IL-138 containing an exotic introgression on chromosome 7H, 166-181 cM, revealed a LAH reduced by 1.4 scores (37.1%) at QLah.S42IL-7H.b.
Thousand grain weight (TGW)
For TGW, eight signiWcant line £ phenotype associations were localized on chromosomes 2H, 4H and 6H. These eVects were summarized to six QTLs. For one QTL the line Table 3 Pearsons correlation coeYcient (r) between seven agronomic traits in 39 S42ILs
The agronomic traits are deWned in Table 1 . For calculating correlation coeYcients, the least squares means of the trait performance of each IL were averaged across replications and environments. The r values are signiWcant with * P < 0.05, ** P < 0.01 or *** P < 0.001 main eVect and for three QTLs the line main eVect plus the line £ environment interaction eVect were signiWcant. At the remaining QTLs a line plus a line £ environment interaction and a sole interaction eVect was detected for the two linked ILs ¡107 and ¡108 whereas a line and a sole interaction eVect was detected for the two linked ILs ¡119 and ¡121. Four QTLs revealed a favorable eVect of the exotic introgression on TGW. The highest increase in trait performance was measured at QTgw.S42IL¡2H.a in S42IL-108, which harbors a Hsp segment in the region 2H, 17-92 cM. Here, the thousand grain weight was increased by 4.4 g (13.1%) relative to 'Scarlett'. This eVect was solely signiWcant in environment H07. The strongest favorable Hsp eVect, which was signiWcant across all three environments, was mapped to 4H, 31-95 cM. Here, S42IL-119 revealed a TGW increased by 3.4 g (8.7%) relative to 'Scarlett'.
Grain yield (YLD)
Altogether Wve signiWcant line £ phenotype associations were identiWed for YLD. Due to two Xanking S42ILs on chromosome 7H, these eVects were summarized to four QTLs on chromosomes 4H and 7H. Three QTLs were detected both as line main eVect and line £ environment interaction eVect. At all three loci, the exotic segment was associated with a grain yield reduced by up to 10.8 dt/ha (18.0%) in S42IL-134 at QYld.S42IL-7H.a. The QTL QYld.S42IL-4H.a was assessed solely as line £ environment interaction eVect, and revealed an improved trait performance compared to the recurrent parent for S42IL-118. Here, the introgression within region 4H, 31-57 cM caused an increase in grain yield by 7.8 dt/ha (11.8%) relative to 'Scarlett' in environment D07. Bernacchi et al. (1998b) , the veriWcation of a QTL can be characterized by the stability of its eVect across environments. In the present study, 18 QTLs were stable across all tested environments in the S42 population as well as in the S42ILs. A further important criterion for the evaluation of QTL veriWcation results is the magnitude of the eVect measured in both populations. For all corresponding QTLs, with the exception of QHei.S42IL-7H.a and QHei.S42-7H.b, at least one S42IL exhibited a higher relative performance in comparison to 'Scarlett' than measured for the corresponding QTL in the S42 population. These diVerences as well as the non-conWrmation of QTL eVects from population S42 might be explained by the reduction of epistatic Hsp eVects which are still active in the S42ILs. Since the S42ILs contain single exotic introgressions, whereas the BC 2 DH lines in the S42 population carry multiple independent introgressions, potential interactions between non-linked Hsp alleles are expected to be reduced in the S42IL set. Furthermore, the QTL data of the S42 population were based on Weld tests at up to eight diVerent environments, and thus oVered a high reliability, whereas the S42ILs were only tested in three environments.
For the six traits analyzed in both populations, altogether 17 new QTLs, previously not identiWed in the S42 population, were detected in the S42IL set. Here, six QTLs (35.3%) revealed a favorable Hsp eVect. Furthermore, eight QTLs for the newly identiWed trait GEA were mapped by S42ILs, among which no QTL showed a favorable Hsp eVect.
A similar approach to verify QTLs was conducted in tomato by Bernacchi et al. (1998b) . The authors generated a set of 23 near isogenic lines (NILs), which harbored QTLs with a favorable eVect on one or several agronomic traits. Each NIL contained a single introgression of the wild species S. hirsutum or S. pimpinellifolium, whereas the remaining part of the genetic background was consistently derived from the elite parent S. esculentum. The aim of the study was to verify 25 QTLs for seven traits, previously mapped to 15 diVerent genomic regions in two AB populations (Bernacchi et al. 1998a ). The agronomic performance of the NILs was tested in Wve diVerent environments, and a total of 22 QTLs (88%) could be conWrmed by the NILs in at least one environment.
In the following paragraphs, the QTL results of the present study are discussed for each trait or trait complex separately. They are compared to the QTL eVects, previously identiWed in population S42 (von KorV et al. 2006) , and to diVerent candidate genes which map to the same chromosomal region.
Days until heading
For HEA, von KorV et al. (2006) detected a total of ten QTLs, half of them were located in genomic regions, which are already represented by Hsp introgressions of S42ILs. These Wve QTLs were veriWed by QTL eVects detected in the S42IL set, and exhibited an eVect with the same direction in both populations (Table 4) . Four QTLs were signiWcant across all environments in the S42 population as well as in the S42ILs. In both populations, the strongest favorable Hsp eVect, associated with a reduction of HEA, was mapped to the top of chromosome 2H (QHea.S42-2H.a and QHea.S42IL-2H.a, respectively). Here, the number of days until heading was reduced by up to 10.4 (15.7%) in S42IL-107, compared to 'Scarlett'. In the same region, Ppd-H1, the major photoperiod response gene of barley, whose daylength sensitive alleles promote Xowering under long day conditions, is located (Turner et al. 2005) . HvCO1, another barley photoperiod response gene of the circadian clock (GriYths et al. 2003) , coincides with the QTL QHea.S42IL-7H.b, which was detected in the S42ILs ¡134 and ¡135 on chromosome 7H. The barley vernalization response genes Vrn-H2 and Vrn-H3, which regulate Xower-ing depending on low temperature (Laurie et al. 1995; Yan et al. 2004 Yan et al. , 2006 , are located on chromosomes 4H and 7H. These loci correspond to the QTLs QHea.S42IL-4H.c and QHea.S42-4H.a, and the newly identiWed QTL QHea.S42IL-7H.a, respectively (Table 4 ). All three QTLs exhibited an increased Hsp eVect on number of days until heading. This is consistent with the fact that wild barley requires a period of low temperature as impulse for Xowering (Laurie 1997) . Several 'earliness per se' genes, which are relatively independent from photoperiod and vernalization conditions, were mapped by Laurie et al. (1995) . The genes eps6L.1 and eps7L coincide with the QTLs QHea.S42IL-6H.a and QHea.S42-6H.b, and QHea.S42IL-7H.c and QHea.S42-7H.b on chromosome 6H and 7H, respectively. Laurie et al. (1995) demonstrated a delay in Xowering time in barley caused by the dwarWng gene sdw1 (previously named denso). The gene location on chromosome 3H corresponds to the localization of the QTLs QHea.S42IL-3H.a and QHea.S42-3H.b, which both exhibited an enhanced Hsp eVect on HEA. Altogether eight new QTLs, which were not detected in the S42 population, were revealed by S42ILs. Half of them showed a reducing Hsp eVect on HEA.
Plant height and lodging at harvest
In population S42, altogether 11 QTLs were detected for HEI (von KorV et al. 2006) , at which seven QTLs were localized in regions which are so far represented by S42ILs. Six out of these seven QTLs (85.7%) were conWrmed by QTL eVects detected in S42ILs, exhibiting eVects with the same direction in both populations (Table 4) . Furthermore, Wve veriWed QTLs revealed signiWcant eVects across all environments, both in S42 population and in the S42ILs. In both populations, the strongest favorable Hsp eVect on HEI was mapped to region 2H, 17-42 cM. Here, plant height was reduced in S42IL-107 by 14.6%, relative to 'Scarlett', whereas the Hsp allele in the S42 population caused a reduction eVect of 11.7%. As described by Laurie et al. (1994) , this localization corresponds to the Ppd-H1 locus which, in addition to Xowering regulation, exerts a strong eVect on plant height (Turner et al. 2005) . A possible candidate gene for QHei.S42-2H.b and the eVect of QHei.S42IL-2H.a in S42IL-109 is the gibberellic-acid insensitive dwarWng gene sdw3 of barley (Gottwald et al. 2004) . It might also be causal for the strong reduction of LAH in S42ILs ¡109 and ¡110 at QLah.S42IL-2H.a. As illustrated in Fig. 1 , further co-localizations of QTLs for HEI and LAH are present in the chromosomal regions 1H, 70-85 cM, 4H, 80-95 cM, and 7H, 146-166 cM. For all three QTLs, the Hsp introgression caused an increasing eVect on both traits, which coincides with their strong positive correlation of 0.73 (Table 3 ). The dwarWng gene sdw1, which reduces plant height and lodging (Bezant et al. 1996) , maps to the same genomic region as QHei.S42IL-3H.a and QHei.S42-3H.b. However, no QTL eVect on LAH was detected by S42ILs in this region. The QTLs QHei.S42IL-7H.a and QHei.S42-7H.b, which both revealed an increasing Hsp eVect on HEI, coincide with HvCO1 (GriYths et al. 2003). As described above, the number of days until heading is reduced by Hsp introgressions in the same region. These opposed eVects on HEA and HEI correspond to their negative correlation (r = ¡0.61). In addition to the veriWed QTLs, two new unfavorable Hsp eVects on HEI were identiWed in S42ILs on chromosome 1H and 4H.
Altogether seven QTLs for lodging at Xowering which mapped to regions covered by exotic introgressions in the S42IL set, were identiWed by von KorV et al. (2006) . As shown in Table 4 , the QTLs QLof.S42-2H.a and QLof.S42-7H.b were veriWed by QLah.S42IL-2H.a and QLah.S42IL-7H.a, detected by the S42ILs -109 and ¡110, and ¡137, respectively. In the S42 population as well as in the S42ILs, both QTLs were detected as signiWcant eVects of the same direction across all environments. In the present study, four new QTLs for LAH were localized on chromosomes 1H, 4H and 7H. Here, QLah.S42IL-7H.b exhibited a favorable Hsp eVect.
Yield components
In the present study, the S42IL set was evaluated with regard to the three yield components EAR, GEA and TGW. Von KorV et al. (2006) detected altogether 11 and nine QTLs for EAR and TGW, respectively. Nine and eight QTLs are localized in chromosomal regions which are also represented by S42ILs. For both traits, three QTLs could be conWrmed in the S42IL study (Table 4) . For EAR as well as for TGW, one QTL revealed an unfavorable Hsp eVect in the S42 population, but a favorable exotic eVect in the S42ILs. Furthermore, one new QTL eVect for TGW with an enhanced trait performance of S42IL-130 was mapped to the genomic region 6H, 112-155 cM. For EAR and GEA, the S42ILs ¡107, ¡108 and ¡109 revealed co-localizations of signiWcant line £ phenotype associations in the region 2H, 17-92 cM. All three S42ILs showed an increased EAR and simultaneously a reduced GEA, compared to 'Scarlett' (Fig. 1) . These eVects with an opposed direction coincide with a negative correlation of ¡0.51 between both traits. For all three yield components, QTL eVects were detected by the S42ILs ¡107 and ¡109 on the top of chromosome 2H. As described by Laurie et al. (1994) , the Ppd-H1 locus, which mapped to the same region, also has an eVect on yield components, probably as a direct result of the eVect on Xowering time. Also on chromosome 2H, but not directly at the Ppd-H1 locus, Li et al. (2005 detected altogether eight QTLs for the Wve yield components ear length, spikelet number per spike, grain number per spike, spike number per plant, and thousand grain mass. At one QTL each for spike number per plant and thousand grain mass, the Hsp allele was associated with an improved trait performance.
Grain yield
For YLD, von KorV et al. (2006) detected 13 QTLs on all chromosomes. At three QTLs the Hsp allele caused an increased grain yield compared to the recurrent parent. Nine QTLs could theoretically be veriWed by the 39 Fig. 1 SSR map (Table 4) . A potentially valuable introgression line for breeding of cultivars with enhanced grain yield might be S42IL-118 where yield was increased by 11.8% relative to 'Scarlett'. However, the stability of this favorable eVect has to be veriWed since the YLD eVect was only detected as a line £ environment interaction active in D07.
Several times, co-localizations of QTLs for YLD and yield associated traits were detected which were consistent with the genetic correlations, for example, for HEA and TGW (Fig. 1) . In the region 4H, 31-57 cM, a QTL eVect for YLD as well as for TGW was detected. For both traits, the Hsp introgression caused an enhanced performance compared to the recurrent parent. This coincides with the strong positive correlation (r = 0.68) between YLD and TGW (Table 3) . One coincidence of QTLs for YLD and HEA was identiWed in the genomic region 7H, 50 cM. Here, an opposite Hsp eVect was in accordance with the negative trait correlation of ¡0.52. For YLD and LAH, two QTL co-localizations were detected in the regions 4H, 80-95 cM and 7H, 146-166 cM. On both QTLs the exotic introgression was associated with a reducing eVect on YLD and an increasing eVect on LAH. This is contrary to the positive genetic correlation between both traits. Due to the fact that a strong severity of lodging is assumed to be associated with a loss of grains, and, thus, a reduced grain yield, a negative trait correlation would be expected. For instance, von KorV et al. (2006) measured a genetic correlation of ¡0.55 between the traits grain yield and lodging at Xowering. In the present study, the unexpected positive correlation between YLD and LAH might be due to the fact, that both traits diVered substantially between the three examined environments. Whereas LAH was extremely high in D07, YLD was extremely low in H07 (Table 2) . We assume that the observed positive correlation might be artiWcial since it disappeared when the calculation was based on single plot entries per environment (data not shown). Despite a positive genetic correlation (r = 0.47) between YLD and EAR, no co-localizations of QTLs could be revealed. In contrast, three co-localizations for YLD and GEA were detected on chromosomes 4H and 7H (Fig. 1) . In all cases, an unfavorable Hsp eVect on both traits was observed. Here, the negative correlation of ¡0.27 was contradictory.
Examples of S42ILs harboring QTL eVects for several traits simultaneously As illustrated in Fig. 1 , several chromosomal regions revealed clusters of QTLs for diVerent traits. Among the set of 39 S42ILs, altogether seven lines on chromosomes 2H, 4H and 7H exhibited at least four QTLs simultaneously. Four of these lines carry introgressions on chromosome 2H, among which the S42ILs ¡107 and ¡109 exhibited a favorable Hsp eVect on four diVerent traits. S42IL-107, carrying a Hsp segment in the region 2H, 17-42 cM, showed a signiWcant improved performance relative to the recurrent parent for the traits HEA, HEI and TGW across all tested environments. In addition, one favorable Hsp eVect on EAR, only signiWcant in environment D07 was measured (Table 4 ). In S42IL-109, the exotic introgression in the region 2H, 67-92 cM was associated with an improved performance for EAR, HEI and LAH. All three eVects were stable across environments, whereas an additional favorable eVect on HEA was only signiWcant in environment D07 (Fig. 1) . Amongst others, S42ILs ¡107 and ¡109 represent valuable genetic resources for the development of new elite cultivars with enhanced agronomic performance. The relatively small portion of the Hsp genome present in most of the 39 S42ILs facilitates and accelerates the direct transfer of favorable exotic alleles into modern cultivars through backcrossing and marker-assisted selection. However, during the selection of favorable introgressions for a particular trait, it is worthwhile to assure the complete absence of unfavorable eVects on other traits. ILs, exhibiting negative side eVects, should not be transferred directly into new cultivars without selection of recombination events. It is, thus, advisable to select ILs with small Hsp introgressions, only exhibiting favorable exotic QTL eVects.
Future prospects
The present study describes the application of wild barley introgression lines for the identiWcation and veriWcation of QTL eVects. Altogether, 45.5% of the QTLs for six agronomic traits, previously identiWed in population S42 by von KorV et al. (2006) , were veriWed by S42ILs. In future, promising Hsp eVects will be subjected to map-based cloning. These eVort will focus on eVects chosen by the following criteria: the QTL eVects are (1) veriWed, (2) signiWcant across all environments and (3) strong, i.e. the elite and the exotic allele diVer substantially in their phenotypic performance. Appropriate S42ILs for map-based cloning projects are the S42ILs ¡110 and ¡137 carrying an exotic segment in the region 2H, 80¡86 cM and 7H, 146-166 cM, respectively. Both S42ILs exhibit signiWcant and veriWed QTL eVects for multiple traits. A high-resolution mapping approach will eventually help to distinguish between gene linkage and true pleiotropy as the alternative hypotheses to explain the eVects on multiple traits which are observed in these S42ILs. The required high-resolution mapping populations for chosen S42ILs are currently under construction. For this reason, all 39 S42ILs are currently backcrossed again with 'Scarlett'. In subsequent generations, recombination events and SUB-ILs with smaller introgressions will be selected. This material can serve as a starting point for both high-resolution mapping and molecular breeding.
In future, the S42IL set will also be characterized in detail through genotyping with Illumina SNPs (Rostoks et al. 2006) or Diversity Arrays Technology (DArT) markers (Wenzl et al. 2006 ), which will facilitate the Wne-mapping of QTL eVects. Currently, the S42ILs are also extensively tested with regard to malting quality and abiotic stress tolerance. All genotype and phenotype data of the S42ILs will be archived in the public IL data base 'Phenom Networks' (http://phn.huji.ac.il/RTQ/).
